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Abs t r ac t 
Development of Autonomous Unmanned Vehicle (AUV) involves a great task to fully understand the overall working 
principles of an UAV that needed time, experience and a wide range of intelligence to cover the entire scientific facts. This 
study is done by means to acquire the fundamental knowledge in understanding the stability and response of an UAV. The 
longitudinal response and stability of UAV owing to deflection of stern plane during trimmed equilibrium motion can be 
computed by solving the AUV equation of motion. In this study, the AUV equations of motion were rederived and the solution 
was computed with the aid of Matlab software. From the existing AUV, a new dimension, weight and speed were specified 
to be used in the rederivation of the linearised AUV longitudinal equations of motion. From the analysis done, the longitudinal 
response AUV shows the stem plane and thrust has relatively steady longitudinal control power and quick response 
characteristic. The results had successfully given a preliminary insight of the specified AUV response and dynamic stability. 
Keywords: AUV, stability, response, longitudinal response, equations of motion. 
1. I n t r o d u c t i o n 
An autonomous underwater vehicle (AUV) is one of the autonomous robots which can travels underwater. It is an automatic 
self-propelled platform of research instrumentation which is affords to dive into the preset area of the ocean at a depth up to 6000 
m. The AUV will be programmed to accomplish its task and after it is done, it will return to the support vessel. This underwater 
vehicle is really different with remotely operated underwater vehicles (ROV) which are physically look similar but the ROV are 
controlled and powered from the surface by an operator or pilot which is connected by an umbilical. It is different with the AUV 
because it operates in the water independently without the umbilical. 
The response of AUV is related with the input variables and output variables which are described by a transfer function. By 
this transfer function, dynamic properties such as stability characteristics of AUV, time response and frequency response 
information is readily obtained. AUV's response analysis is important in designing control system of AUV. Thus, this study was 
done as a preliminary study of AUV to get the initial insight and knowledge in order to understand the dynamic stability, the 
movement and response of the AUV. 
2 . L i t e r a t u r e R e v i e w 
The main parts that contains in the AUV were thruster, fuel tank and fuel, pressure housing, batteries, sensors, onboard 
computer, communication system, navigation system, light and video camera. The common shape of the AUV is ellipsoid shape 
which is consists of the combination of oval and cylinder. It is better because it has a high volume and medium in resistance force. 
The forces that act around the AUV body are buoyancy force, drag force, thrust force and lift force. The center of buoyancy is 
located at the origin (0, 0, 0) and the center of gravity must be located below the center of buoyancy for balance. This below 
equation is a guideline to derive the equations of AUV motion. 
ma (mass, inertia and added mass matrix) = hydrostatics force (weight, buoyancy) + 
hydrodynamic force (external force from flow) 
+ mechanical force (thruster and fins) 
The Autonomous Underwater Vehicle test-bed (USM-AUVJ) [1], Mako [2], and REMUS 600 [3] have been given ideas to 
specified a new dimensions of AUV to be study in order to derive the longitudinal equations of AUV motion. The shape profiles 
of the stem plane and rudder follow a standard NACA 0015 section with a standard value of aspect ratio and leading edge angle 
[4] which will be used in the mechanical force equation. 
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3. Methodology 
In the initial stage of this study, a newly dimension specified AUV is determined in order to calculate the center of gravity, 
moments of inertia, buoyancy force, and volume of the AUV. 
The variables and notations for the AUV were determined from the six degree-of-freedom and then will be used in the 
derivation of equations of AUV motions. After the generalized of force and moment equations have been done and arranged, the 
equations of motions can be gathered in the three planes which were OXY plane, OYZ plane and OXZ plane. 
The equations of AUV motion in these three planes then can be simplified by decoupled it and linearized it based on the 
given conditions and assumptions. The derivations of hydrostatic force and moment with the hydrodynamic force and moment 
will be done by referring to the literatures and calculation of some coefficients. The mechanical force will be done by using the 
value of the aspect ratio and span were 4.27 and 0.160 m respectively. 
After all the derivation process has been accomplished, the result of each derivation will be gathered together in the 
longitudinal equations of motion and will be arranging in the matrix form. 
The equations of motion will be arranged in the state space form so that the dynamic model becomes easier to be solved by 
the Matlab software. The stability of AUV motion will be achieved if the Eigenvalues located in the left half of the s-plane, and 
unstable if the Eigenvalues located in the right half of the s-plane. 
After the stability of AUV motion has been detected, the next step is to get the transfer function of the AUV. From the 
transfer function, the important characteristics of dynamic systems can be determined such as peak amplitude, settling time, rise 
time and the final value of the graph. This characteristics determined the response of AUV motion either it is dynamically stable 
or not. 
If the AUV motion was not dynamically stable, it must return to the initial stage where the specification of AUV must be 
determined again. 
4. AUV Specifications 
In this study, a smaller AUV was designed compared to the previous designs with ellipsoidal shaped dimension of 2 m long, 
0.5 m maximum width and 0.9 maximum heights. Its weight is about 4.587 kg and it moves in steady forward motion of 1.5 m/s. 
The dimension of AUV is a major issue in developing the mathematical model because from this specification will determined the 
coordinate of the center of gravity, the value of moment and inertia, surface area and others which these things will affect the 
next step to calculate the hydrostatics equation, hydrodynamics equation, and mechanical equation. 
5. AUV's Equations of Motion 
In fluid mechanics study, equation of motion is one of a set of hydrodynamic equations representing the application of 
Newton's second law of motion to a fluid system, in which the total acceleration on an individual fluid particle is equated to the 
sum of the forces acting on the particle within the fluid. 
The six degrees-of-freedom nonlinear equations of motion of the AUV vehicle are defined with respect to the two 
coordinate systems as shown in Figure 1. 
Earth-Fixed Coordinates 
Fig. 1 The coordinate systems for AUV [5] 
Consider the motion referred to an orthogonal axis set (oxyz) with the origin O coincident with cv (cb) as shown in 
Figure 2. The body and the axes are assumed to be in motion with respect to an external reference frame such as earth axes. The 
components of velocity and force along the axes ox, oy and oz are denoted (U,V,W) and (X, Y, Z) respectively. The components of 
angular velocity and moments are denoted (p, q, r) and (L, M, N) respectively. The point P is an arbitrarily chosen point within the 
body with coordinates (ax, ay, az). The local components of velocity and acceleration at P relative to the body axes are denoted (u, 
v, w) and (al, a2, a3) respectively. 
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Figure 2 Motion referred to generalized body axes [6] 
5.1 Generalized Force and Moment Equations 
The resultants components of total force acting on the rigid body are given by [6]; 
X = m[U-rV+qW-ax(q2 + r2)+az(pr + q)] 
Y = m[V-pW + rU + ax(pq + r) + ai(qr-p)] (1) 
Z = m[W-qU +pV + ax(pr-q)-az(p2+q2)] 
Consider now the moments produce by the force acting on the incremental mass at point P in the rigid body. The 
incremental force components create an incremental moment components about each of the three body axes and by summing 
these over the whole body, the moments equations are obtained. The moment equations are the realization of the rotational form of 
Newton's second law of motion. Therefore moments L, Mand N are given as follows. 
L = m[-a,(V -pW + rU)} +I (pr - q) + Iyz(r2 ~ q2) - I„{pq - r ) + qr(Iy - /,) + p(Ix) 
M = m[az(U-rV + qW)-ax(W-qU + pV)] + Ix2(p2-r2) + Iyz(pq-r)-IXy(qr + p) 
+ Iyq + prUz-h) 
N = m[ax(V -pW + rU)] + I ( q 2 -p2) + Ix2(qr -p)~ I„(pr + 4) + pqih - /,) + I,f 
(2) 
The motion in the longitudinal oxz plane can be simplified by deducing v = 0 , p = r = 0 and p = r = 0 
X - m\Ux + azqx - axq2 +qW] 
Z = m[W1-qlU0-axq1-a2q2] (3) 
M = m[-ax (Wt -?,£/„) + fl, (£>, + qW)] +1 y q x 
5.2 Linearization of Longitudinal Equations of Motion 
The linearization of the longitudinal motion is done by assuming, the components of linear and angular velocity are 
consist of 
U(t) = Ut +£/,(/) 
K(0 = F,(0 
W(t) = Wx(t) (4) 
/>(<) =/>,(') 
9(0 = 9,(0 
r(0 = r,(0 
Where U0 is the steady forward speed and Ul,Vl,Wl,pl, qx and rx denote the unsteady components of velocity [7]. It is 
assumed that motion of the AUV is constrained to small perturbations about equilibrium motion condition where the unsteady 
components of the velocity become negligibly small. The linearization of equation of motion in the longitudinal, OXZ plane is as 
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follow. 
X = mU\ + mazq\ 
Z-mW\- maxq\ (5) 
M = mazU\ - maxW\ + lyq\ 
5.3 Longitudinal Hydrostatics Force and Moments 
Both the gravitational force, mg and the buoyancy force, B are static they may conveniently be treated together in the 
interest of simplicity. The components of force and moment arising from the static forces results from the attitude perturbation 
of the AUV which are (/), 9 and if/ . The hydrostatics force and moment components will be derived by resolving mg and B 
from earth axes into disturbed AUV in the OXZ plane as follows = y = 0). The center of buoyancy's coordinate cb (fix, by, 
bz) and the center of gravity's coordinate eg (ax, ay, az) 
X„+Xt = -(}V - B)sin(f9 + 0e) 
Zb +Zg = (W-B)cos<j>.cos(0 + 0e) 
= (W-B)cos{9 + 8e) ( 6 ) 
Mb + Mg=-{Waz+Bb2)s\n(0 + 0e)-(jVax+Bbx)cos<j>.cos{0 + 0t) 
= -Wa2 sin(0 + 0e) - Wax cos(0 + Be) 
By applying the sum and difference formulas and simplified the equation. The components of hydrostatic force and moment in 
the longitudinal plane will become 
Xb +Xg =-(W-B)sm(e + ec)=-(W-B\e.cosee+sm6t] = -[(W-B)cosee^ 
(7) 
Zb + Zs = (W - s)cos (0 + 0e) = (W - B\cos 0e-0e. sin 0e ] = -[{W - fl)sin 0e ]fl 
Mb + Mg = -Waz sin(6l + 0e)- Wax cos(0 + 0e) = -[Wa: c o s 0 e - W a x sin0,]9 
5.4 Longitudinal Hydrodynamics Forces and Moments 
The three components of the hydrodynamic force along the directions x, y, z are denoted by X, Y, and Z respectively, and 
the three components of the hydrodynamic moment by L, M and N. The three components of force and moment are then 
expanded up to first order terms in the linear velocities u, v and w and the angular velocities p, q and r. these velocities represent 
perturbations to the equilibrium condition of steady state forward motion. The equations for all the components are [8]: 
X = X0+Xuu + Xvv + Xww + Xpp + Xiiq + Xrr 
Y=Y0+Yuu + Yvv + Yww+ Ypp + Yqq + YTr 
Z = Za + Zuu + Zvv + Zww+Z p + Z q + Zrr 
(8) 
L = L0+Luu + Lvv + Lww + Lpp + Lqq + Lrr 
M =M0 +Muu+Mvv + Mww + M pp+Mqq + Mrr 
N = N0+ Nuu + Nvv + Nww+ Npp + Nqq + Nrr 
The x-z plane is a plane of symmetry, so that the vehicle has left/right symmetry, then terms Yu, Yw, Lu , and Lw will be 
zero. Etkin states that for symmetric aircraft the derivatives of the asymmetric or lateral forces and moment, Y, L and N with 
respect to the symmetric or longitudinal motion variables u, w and q, will be zero. This implies 
that Yu, Yw, Yq, Lu , Lw, Lq , Nu, Nw and Nq are zero for aircraft, and bodies which exhibit similar symmetry properties. All the 
derivatives of the symmetric forces and moments with respect to the asymmetric variables v, p and r can be neglected. This 
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implies that Xv, Xp ,Xr,Zv,Zp,Zr, Mv, M and Mr are zero. The expressions for the forces and moments now become 
X = Xa+Xuu + XwW + Xqq 
Y = Y0+Yvv + Ypp + Yrr 
Z = Z0 +Zau + Zww+Z q 
(9) 
L = L0 + Lvv + Lpp + Lrr 
M =Ma + Muu + Mww + Mqq 
N = N0+Nvv + Npp + N(lq 
Blakelock [9], states that X describes the effect of pitch rate on drag and can be neglected. Brayshaw's [10] analysis 
also concluded that Xw, Z u and Mu can be taken to be zero for an AUV when the vehicle generates no lift in its reference 
condition. The reference condition is usually taken to be forward motion at constant velocity. So, the final hydrodynamics 
forces and moments in the longitudinal plane are [8], [11]: 
X = X0+Xuu 
Z = ZQ+Zww+Zilq (10) 
M = M0 + M ww+ Mqq 
Where, 
Xu=-pVSCD 
x^lPvs{cL-^ 
" 2 V da 
M„=ZJa+Xjm 
M. =L2Z„ 
(11) 
Consider a thin foil with zero camber and an elliptical planform, so the aspect ratio is high, the angle of attack, a is small 
and consider steady incident flow in infinite. By using the Prandtl's lifting theory, the drag and lift coefficient will become [12]; 
„ Ana2An _ 2na s CD = y and CL = — respectively. (12) 
(A + 2 ) 1 + _f_ 
Substituting these equations into the above equations: 
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x„ =-pVS\ Ana Ao 
K + 2 ) 2 
2 
In AnalA„ 
- + -
i + A K + 2 ) 2 
^ , 2 P F W | 
In Ana A„ 
— = - + -
A. 
x . . H c ' - f 
2 1 o a 
A / = - - p r a 
2 1 
M =--pVS 
SnaA„ 
2 K + 2 ) 2 
(13) 
5.5 Mechanical Force 
The aspect ratio and span were 4.27 and 0.160 m respectively. By using the formula below, the chord at midspan can be 
calculated [7]. 
/ = 4s_ 7lA„ 
(14) 
The speed of AUV is steady forward motion with 1.5 m/s and the coefficients that involved in the mechanical force 
equation are as below [7]: 
Term lift coefficient 
dCL _ 2s 
dS ~ I 
(15) 
Stern plane force 
Z=^pAU2 
s, ^ P s o 
(16) 
Stern plane moment 
M = 7 * x (17) 
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5.6 Longitudinal Equation 
Finally, all the equations were combined as shown in equations (18). 
mUi+mazq\ = X0 + Xuu -[(W - B)cosOelp 
mW\ -maxq\ = Zo + Zww + Zqq-[(fV-B)sm9e]B + Z&SS 
mazU\ -maxW\ +Iy =Mo + Mww + Mqq-[waz c o s 0 e ] # + Msi8s 
The longitudinal equation can be transform into the matrix form 
mx = ax + bu 
b = 
[u w q o] 
m 0 ma 2 0 
0 m - max 0 
maz -max 0 
0 0 0 1 
[8s 1] 
0 XT~ 
Zsi 0 
Ms, 0 
0 0 
'xu 0 0 -(W- B)cos0e 
0 z„. zq -(W-B)sin 6e 
0 M„ Mq -Waz c o s 6 \ 
0 0 1 0 ( 1 9 ) 
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6. Result and Discussion 
The longitudinal response to stern plane is shown in Figure 3 in which the input was a 5 degree stern plane step. 
Step Response 
F r o m : &lern 
Tine (sec) 
Fig. 3 Longitudinal response owing to 5 degree stern plane input 
The longitudinal response to stern plane is shown in Figure 3 in which the input was a 5 degree stern plane step. The 
value of peak amplitude at linear velocity, u is -144 m/s at 0.257 sec and the settling time for the graph is 2.32 sec. The value of 
peak amplitude at linear velocity, w is 4.18 m/s at 0.0901 sec and the settling time for the graph is 2.57 sec. The value of peak 
amplitude at angular velocity, q is -22.1 m/s at 0.103 sec and the settling time for the graph is 2.58 sec. The value of peak 
amplitude at pitch angle, 0 is -2.92 m/s at 0.206 sec and the settling time for the graph is 2.47 sec. The magnitudes of the 
response variables were small and the time taken for the transient to settle down was in order of approximately 5 seconds. The 
magnitude and time scale of response from the input variables clearly demonstrated a relatively steady longitudinal control power 
and a rather fast response characteristic. 
While, the longitudinal response to a 5 Newton step increase in thrust is shown in Figure 4. 
Step Response 
F r o m : thrust 
Time (sec) 
Fig. 4 Longitudinal response owing to 5 Newton step increase of thrust input 
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While, the longitudinal response to a 5 Newton step increase in thrust input is shown in Figure 4. The value of peak 
amplitude at linear velocity, u is 0.224 m/s at 0.399 sec and the settling time for the graph is 1.24 sec. The value of peak amplitude 
at linear velocity, w is -0.00146 m/s at 0.245 sec and the settling time for the graph is 2.72 sec. The value of peak amplitude at 
angular velocity, q is 0.0072 m/s at 0.245 sec and the settling time for the graph is 2.72 sec. The value of peak amplitude at pitch 
angle, 6 is -0.000573 m/s at 0.142 sec and the settling time for the graph is 2.62 sec. It was clear that the linear velocity at y-
axis motion w response, angular velocity at rotation about y-axis q response and pitch angle response to a thrust change was small. 
The significant response to a thrust change was in linear velocity at x-axis u. The magnitude and time scale of response for input 
variables and output variables confirmed that longitudinal control power was steady and response was almost perfect. 
7. Conclusion and Future Works 
The longitudinal response of stem plane with a 5.0 degrees stem plane step has a small magnitude and time taken for the 
transient to settle down was in order of approximately 5 seconds. Meanwhile, the longitudinal response to a 5 Newton step 
increase in thrust was clear that the linear velocity at y-axis motion w response, angular velocity at rotation about y-axis q 
response and pitch angle response to a thrust change was small. The significant response to a thrust change was in linear 
velocity at x-axis, u. The magnitude and time scale of response for input variables and output variables confirmed that 
longitudinal control power was steady and response was almost perfect. Then, this study concluded that the specified AUV 
mission and requirement was dynamically stable. 
For future studies, the time response can be enhanced by designing control system of the airship for more accurate and 
precise closed loop dynamic stability analysis. Besides that, some effort can also be made by using another specified dimension, 
weight and speed requirement AUV in order to get the stable design of AUV. In this study, only the longitudinal equations of 
motion that had been solved because there were many obstacles and the difficulties to get the literature about the development of 
mathematical model of AUV. This study can be continued by solving its lateral equations of motion of AUV. 
Nomenclature 
A0 
a„ay,a, 
al,a2,a3 
B 
bx,by,bz 
Co 
CL 
cv 
cb 
eg 
dCL 
dS 
g 
/ » 
I* 
h 
h 
1, 
I. L 
L.M.N 
LUMUNU 
LKMWNW 
LPMPNP 
LqMqNq 
LrMrNr 
Area of stem [m ] 
Aspect ratio of AUV 
Coordinate centre of gravity 
Local acceleration at arbitrarily point P 
Buoyancy force [N] 
Coordinate centre of buoyancy 
Drag coefficient 
Lift coefficient 
Centre of volume 
Centre of buoyancy 
Centre of gravity 
Term of lift coefficient 
Gravity acceleration (9.81 N/kg) 
Mass moment of inertia coefficient about the ox and oy axis 
Mass moment of inertia coefficient about the ox and oz axis 
Mass moment of inertia coefficient about the oy and oz axis 
Mass moment of inertia coefficient about the ox axis 
Mass moment of inertia coefficient about the oy axis 
Mass moment of inertia coefficient about the oz axis 
Length of chord at midspan 
Distance along the x axis between cb and eg 
Component of moment along the x,y,z axis 
Surge moment coefficient 
Sway moment coefficient 
Heave moment coefficient 
Roll moment coefficient 
Pitch moment coefficient 
Yaw moment coefficient 
m 
M„ 
ox,oy,oz 
p.q.r 
P,<IS 
Pi.qi.r, 
S 
s 
tm 
U0 
u,v,w 
U.V.W 
U,.V,,W, 
u,v,w 
W 
X 
x.xz 
X„YU,ZU 
XW YyfZy 
Y Y 7 
Xp, Yq,Zr 
Xp Yq,Zr 
Xp, Yq,Zr 
Zsl 
0,0e e 
It 
s, 
AUV mass 
Stem plane moment 
AUV body axis 
Angular velocity about x,y,z axis 
Time rate of change for roll, pitch, yaw angular velocity 
Unsteady components of velocity 
Surface area 
Span of AUV's fin 
Distance along the z axis between cb and eg 
Steady forward speed of AUV 
Local components of velocity at arbitrarily point P 
Axial, lateral and normal velocity 
Unsteady components of velocity 
Time rate of change of axial, lateral, normal velocity 
Weight of AUV 
Thrust coefficient 
Force along the x,y,z axis 
Surge force coefficient 
Sway force coefficient 
Heave force coefficient 
Roll force coefficient 
Pitch force coefficient 
Yaw force coefficient 
Stem plane force 
Angle of attack 
Angle of rotation about y axis 
Phi (3.142) 
Stem plane angle 
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